ABSTRACT -David's Spurge is an spring-summer annual weed, present in the central area of Buenos Aires Province, Argentina. Field studies were carried out during 2011/12 and 2013/14 to assess demography and population dynamics and determine a thermal time scale of this species. At the experimental site, 1 m² quadrants were established as observational plots, four per cohort. The number of individuals at each phenological stage and from each cohort was recorded weekly. At the end of the experiment, all plots were harvested, and seed production was determined. A thermal time scale was established to identify the occurrence of the different phenological events. Three cohorts were detected, the first one emerged in midOctober, the second one in early November, and the last cohort varied from late November till early January, totalling an average of 1,500 m -2 . Over 80% of the evaluated emergences belonged to the first and second cohorts in both periods. Thermal time requirements calculated to reach the 2-4 leaves, 6-8 leaves, branching, and flowering stages, were 192, 370, 515 and 1,155 o Cd, respectively. Average seed production in the first, second and third cohort was 5,700, 6,400 and 1,900 seeds m -2 , respectively. However, the total number of propagules from the sum of the three cohorts was similar in both years, about 14,000 seeds m -2
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INTRODUCTION
Euphorbia davidii Subils is a weed belonging to the botanical family Euphorbiaceae Juss., represented worldwide by more than 8,000 species (Govaerts et al., 2000) . While in Argentina the presence of approximately 70 species of the genus Euphorbia L. is mentioned, only four of them are described as weeds: Euphorbia serpens Kunth, usually known as "matted sandmat" (or "hierba meona" in Spanish), Euphorbia heterophylla L., Euphorbia dentata Michaux and Euphorbia davidii Subils, which are commonly referred to as "Spurges" ("lecherón" in Spanish), due to the milky latex sap they contain.
Euphorbia davidii is a species native to the Northern Hemisphere (Mexico, United States and Canada), which has been recently introduced in South America (Argentina), Australia and Europe (Vladimirov and Petrova, 2009) . It is a summer annual weed that causes significant yield reductions on soybean crops in Central and Southeastern sections of Buenos Aires Province (Juan et al., 2011) . In this region, an increasing incidence, density and geographical distribution of E. davidii has been observed in the last two decades.
The presence of this weed is currently reported in Europe and Asia, distributed in Russia, Ukraine, Moldova, Romania, Bulgaria, Hungary, Italy, Belgium, Switzerland, Serbia and France (Barina et al., 2013; Purger et al., 2015) . Similar to data recorded in Argentina, an increase in population size and geographic distribution has been observed in several of these countries (Purger et al., 2015) .
The survival of a population is one of the most important factors to consider in a demographic study. In order to determine this parameter, it is necessary to carry out both laboratory and field studies (Win et al., 2009 ).
Survival can be expressed in the form of curves and, according to their general form, these can be classified into three main types. Type I (convex curves) describe situations in which mortality is concentrated at the extreme end of the life span (e.g., animals in a zoo or the leaves of a plant). Type II curves (straight lines) indicate that the probability of death remains constant at each age, and can be correctly applied to the seed banks of many plant populations. Finally, type III (concave curves) indicate significant early mortality rates, followed by a high survival rate at later stages (Pearl, 1928; Deevey, 1947) .
Subsequently, survival data are incorporated as part of the demographic processes in consonance with the structure of a life table or a dynamic multi-state model (González-Andújar and Fernández-Quintanilla, 1991 ). This diagrammatic model represents in a synoptic and synthetic way the variables and demographic processes in quantitative (numerical) terms (Deevey, 1947; Fazle Rabbi, 2013) .
Multi-state life tables are constructed to track, from birth to death of the last individual, the survival and age fecundity rates of a cohort of individuals that are part of a population (Ricklefs, 1990) . The basic bioecological information provided by these models is of considerable agronomic value for designing sustainable weed management programs (Rabinovich, 1980; Begon et al., 1988) . Clearly, life tables represent one of the main means for conceptualizing population structure and analyzing its dynamics.
Although many phenological changes or events occurring in plants can be defined using numerical scales (for example, based on calendar days), interferences may appear in the data 3 obtained due to environmental and ecophysiological factors. In contrast, thermal time expressed in degree-days has been shown to be an adequate measure of "physiological time" to evaluate plant growth (Aitken, 1974; Trudgill et al., 2005) , as temperature is considered the most important climatic factor that influences the occurence of phenological events (Russelle et al., 1984; Gadioli et al., 2000) .
Knowledge on thermal time requirements of a given weed species allows predicting its response to different environmental conditions, agroecological scenarios, or even assessing the effect of cultivation practices (e.g. sowing dates) on different stages of growth and development of the life cycle.
Euphorbia davidii is considered a highly competitive species difficult to control due to the low efficacy of most chemical treatments, combined with a strong dependence on the weed phenological state at control moments (Juan and Saint André, 1997; Juan et al., 2000) . Reductions in growth parameters of soybean cultivars, determined in semi-controlled laboratory conditions, range from 35 to 45% for a weed density of 100 plants m -2 in comparison with the free-competition control (Juan and Saint André, 1995) .
At a global level, far too little is known about management strategies to control this species (Storrie and Cook, 1996) , and in Argentina, the most recent studies by Juan et al. (2011) have demonstrated the increasing difficulty to control E. davidii using glyphosate as the only herbicide in transgenic glyphosate-resistant soybeans (GRS).
The aim of this work was to study different aspects of the population dynamics of E. davidii through the analysis and constant monitoring of field cohorts in the central area of Buenos Aires Province. It was also sought to establish a thermal time scale to characterize each phenological stage, in order to provide basic ecophysiological information about the life cycle of the species. In the experimental site, sixteen 1 m² quadrants were established as observation plots. The plots were located in a highly infested area, in order to monitor each cohort throughout the growing cycle. Monitoring was performed without crop competition in both seasons. Sampling started in September, and the quadrants were assigned to each cohort by order of emergence.
MATERIALS AND METHODS

The
Each cohort was defined as the set of seedlings that emerged simultaneously over two consecutive weeks. The number of individuals from each cohort was recorded weekly with four replicates, identifying the following phenological growth stages: cotyledon emergence (CE), 2 to 4 true leaves (2-4 Lv), 6 to 8 true leaves (6-8 Lv), branching (B) and reproductive (flowering and fruit-bearing) (F).
The mortality rate was calculated as the difference in the number of individuals between two successive samples. Emerging individuals belonging to other cohorts and other weed species were manually removed during the growing season.
The monitoring of all cohorts finished when the great majority of individuals reached the reproductive stage, with no additional phenological changes observed in the counts. All plots were harvested just before the natural dehiscence of the fruits (early March) and the number of individuals in the fruit-bearing stage and the seed production per plot were determined.
Thermal time was calculated as the sum of the average daily temperature over a given basal temperature, where the growth rate is close to zero (Monteith and Moss, 1977) . Thermal time requirement to reach the 2-4 Lv, 6-8 Lv, B, and F stages was determined as the sum of the thermal time required for at least 50% of the plants to reach each phenological phase. All information obtained during the the two-year study was grouped to calculate thermal time, since no statistical differences between them were observed.
Thermal time (TT) was calculated according to equation 1:
where Tx is the average daily temperature, Tb is the base temperature (estimated at 8 o C according to Marchessi et al., 2011) .
Thermal time accumulation for three cohorts and two years was analyzed using ANOVA. Means comparisons were performed using Fisher's LSD test (p<0.05) with InfoStat software v. 2012 (National University of Cordoba, Argentina).
Results obtained from seed production and density per cohort were analyzed by ANOVA. Means comparisons were performed using Fisher's LSD test (p<0.05) with InfoStat software v. 2012 (National University of Cordoba, Argentina). The total seed production for each cohort and year was analyzed by ANOVA in a factorial design.
Non-linear regressions were established between Euphorbia davidii seed production (seeds m -2 ) and density (plants m -2 ), and also between individual seed production (number of seeds per plant) and density, using Graph Pad Prism software v. 6.01.
where Y is the seed production (seeds m -2 ) or the individual seed production (seeds per plant), respectively, X is the population density (plants m -2 ), S is the slope, and B is the intercept of the model with the Y axis.
RESULTS AND DISCUSSION
A summary of the monthly climate information recorded during the study periods is shown in Table 1 .
During the two periods assessed, the emergence of E. davidii under field conditions generated three cohorts. As no additional seedlings were observed after the establishment of the third cohort, the fourth set of plots that had been initially established remained empty until the end of the experiment, that is, of the 16 originally established plots, 12 were used (three cohorts of four replicates each).
During the season 2011/12, the first emergence event occurred in October, reaching a maximum number of 180 m -2 in the cotyledon (CE) stage ( Figure 1A ). The second event occurred Figure 2C ). From a total of 2,400 individuals assessed during the period, 60, 25 and 15% corresponded to the first, second and third cohorts, respectively (Figures 2A, B, C) .
The number of individuals that emerged in each cohort varied between 2011/12 and 2013/ 14, that could be associated with variations on the levels of seed dormancy in the soil seed bank (Núñez Fré et al., 2014) . However, it should be noted that the first two cohorts were very stable in terms of chronological emergence, as well as regarding the proportion of individuals that emerged in relation to the total annual rate. In both study periods, the emergence of the first and second cohorts occurred within the months of October and November and accounted for 80% of the total annual emergence rate of the species (Figures 1 and 2 ).
As shown in Figures 1 and 2 , regardless of the initial number of established seedlings and the contribution of each cohort, in total only about 250 plants reached reproductive stages (F).
The carrying capacity (k) is defined as the maximum population size that the environment's resources can sustain indefinitely (Begon et al., 2006) . From the above, it can be concluded that the k value, under the agroecological conditions established for these trials, would range between 200 and 300 plants m -2 . Nonetheless, further studies should be carried out in order to validate this information. Table 2 presents the relationship between thermal time accumulation and the phenological states of E. davidii using the data pooled across the two years, since they did not present significant differences between them. The estimated thermal time requirements were on average 192, 370, 515 and 1,155 o Cd for 2-4 Lv, 6-8 Lv, branching (B) and reproductive (F) stages, respectively. The second cohort showed a tendency to have higher thermal time values, calculated for all phenological stages. However, only the first cohort showed significant differences in the 6-8 Lv stage. These observations may imply that there is an influence of the photoperiod in the thermal time accumulation of the different cohorts. Nonetheless, more research is needed to clarify this issue. In addition, it is emphasized that field observations were recorded weekly and individual emergences do not occur exactly the same calendar day, maybe there is thus a distinct accumulation of thermal time in individual plants within the same observation plot.
On the other hand, among the environmental factors that influence the variability of the data (Table 2) , it could be mentioned the temporary thermal and water stress, a characteristic of the summer season in the central region of Buenos Aires Province. Such events could affect the growth stages of the species, potentially retarding a certain phenological state, even if the required thermal sum had been reached. Finally, it should be noted that E. davidii is forms a persistent seed bank (Núñez Fré et al., 2014) containing seeds of different years adapted to distinct environmental conditions, and these factors may contribute to an intrinsic variability in thermal time requirements within the population.
During the season 2011/12, the first cohort showed the highest mortality rate between the fourth week of October and the third week of November, which led to a 45% reduction in the number of individuals in comparison with the initial population (Table 3) . During this period, individuals were mainly found in cotyledon emergence and 2-4 leaves stages ( Figure 1A ). In the second cohort, mortality events were more homogeneous between the fourth week of November and the first week of January, when the majority of individuals transited between 2-4 leaves and branching stages ( Figure 1B) , with a reduction of 58% in the number of individuals. The majority of deaths observed in this cohort were probably due to individuals emerging in very high densities and exhibiting lower growth rates as a consequence of intraspecific competition. In the last cohort, none of the individuals reached the reproductive stage. During the season 2013/14 (Table 4 ), the mortality rates of the first cohort were similar to those found in the same cohort in 2011/12, with the highest rate occurring between the cotyledon emergence and 2-4 leaves stages. In 2013/14, mortality from birth to the first week of November caused a 79% reduction on the population. The second cohort showed two significant mortality events, the first took place in the second week of November, when most individuals were between cotyledon emergence and 2-4 leaves stages, resulting in a 58% population reduction, and the second mortality event occurred in the first week of December, when most individuals had between 2-4 and 6-8 leaves, with a 76% population reduction in comparison with the initial emergence.
As already mentioned, the initial counts of the first and second cohorts in 2013/14 were much higher than those observed in 2011/12, possibly indicating that the environmental conditions were more favorable for dormancy break and/or seedling establishment.
Unlike 2011/12, when the last cohort was recorded in mid-January, the last cohort of the season 2013/14 was detected at the end of November, with an initial density of 350 seedlings m -2 ( Figure 2C ). In this case, the mortality events were similar to those of the previous cohort, with two major events occurring in December. It was observed that the first mortality event took place between the first and second week of December, when the population was mostly between cotyledon emergence and 2-4 leaves stages, causing a 45% reduction in the number of individuals; the second, for its part, occurred in the fourth week of December, when most individuals were between the 2-4 and 6-8 leaves stages, with a 65% reduction in population compared to the initial population (Table 4) . It is noteworthy that the third cohort was able to produce individuals that reached reproductive stages and generated viable offsprings, whereas in the 2011/12 season none of the individuals managed to produce seeds (Table 5) .
When analyzing the occurrence of E. davidii cohorts in 2011/12 and 2013/14, some similarities were found. In general, the emergence of individuals from the first and second cohorts accounted for more than 80% of the total annual emergence of the species. A significant initial mortality rate (between cotyledon emergence and 2-4 leaves stages) was observed in the first cohorts, with a seedling reduction between 50 and 80% of the initial emergence recorded (Tables 3 and 4) .
The second cohort also showed similarities between the two periods, with two significant mortality events; between cotyledon emergence and 2-4 leaves stages, and between 2-4 and 6-8 leaves stages. At the same time, due to the non-occurrence of interspecific competition, one should take into account that competition with crops and other weed species could surely alter the results of these assessments, increasing and anticipating deaths at each event (Tables 3 and 4 ). The third cohort showed a different behavior during the study years. In 2011/ 12, late emergence generated individuals that were incapable of producing propagules (Table 5 ).
In general, the behavior of E. davidii cohorts is similar to that of a r strategist species, with a high birth rate and initial mortality, between the cotyledon emergence and 2-4 leaves stages (Tables 3 and 4) , followed by lower mortality rates in advanced growth stages, and a significant fraction of the resources allocated for reproduction (Gadgiland and Solbrig, 1972) .
Considering both periods of field evaluation, it is concluded that the first cohort contributed more than 50% of the total number of individuals, but also showed the lowest probability of survival in the cotyledon stage since less than 25% of the individuals reached the 2-4 leaves stage and only 10% reached fruit-bearing stage (Figure 3) . The main adverse factor limiting the survival of E. davidii emerged seedlings was the low temperature recorded during early spring, when minimum temperatures can reach 0 o C ( Table 1 ). The second cohort accounted for about 30% of the plants and their survival rate was relatively high, with a greater contribution coming from individuals that reached the fruit-bearing stage (approximately 25%), allowing the perpetuation of the species. In this case, November emergences allowed a quick growth of the species, as the risk of frost (<0 o C) is almost nil and the average daily temperature during this month is usually above 8 o C. The third cohort showed the highest variability (Figures 1 and 2) . Although it took account for approximately 14% of the total number of emerged individuals, only 14% were able to complete the life cycle (Figure 3) . In one of the study periods, none of the individuals of the third cohort were able survive due to climatic conditions, such as thermal and water stress, and also because of a higher incidence of attacks by ants, lepidopteran larvae, thrips and grasshoppers that severely affect seed production.
In environments with low predictability on the availability of scarce resources, germination and emergence time are crucial traits that affect survival, growth, flowering phenology and reproductive success (Hartzler et al., 2004) . In summary, the highest mortality rates observed between the cotyledon emergence and the 6-8 leaves stages indicate that the transition probability between these early phenological stages for all cohorts is generally less or close to 30%, whereas mortality rates between the 6-8 leaves and the flowering stages were lower than 25% and, in some cases, they were insignificant (Figure 3) . Seed production (Table 5 ) varied between cohorts during both periods. However, during the season 2011/12, no statistically significant differences were observed between the first and second cohorts, but differences were found in the third cohort, which failed to produce offspring. In the season 2013/14, no significant differences in seed production were found between the three cohorts. The third cohort showed a lower seed yield, but reached approximately 4,000 seeds m -2 (Table 5) .
When grouping together data and information obtained from both study periods, it was observed that the average seed production of the first, second and third cohort was 5,700, 6,400 and 1,900 seeds m -2 , respectively. The second cohort in 2011/12 produced a greater number of seeds compared to the same cohort in 2013/14, while the third cohort produced more seeds in the last year of the research. Nonetheless, the total number of propagules, adding up the three cohorts, was similar in both periods (2011/12 and 2013/14) , about 14,000 seeds m -2 .
Seed production (seeds m -2 ) is influenced by population density ( Figure 4A ). Seed production increased with density, however, there was no significant increase in seed production when the population reached 150 individuals m -2
. Possibly the addition of a new individual would be offset by a lower fecundity of each individual plant.
On the other hand, individual fecundity (seeds per plant) is even more strongly influenced by population density ( Figure 4B ). High population densities can cause strong intraspecific competition by significantly reducing the reproductive success of the plant (Cordes et al., 2004) Population seed production (seeds m -2 ), according to studies conducted in 2011/12 and 2013/ 14, seems to be mainly influenced by the emergence timing of cohorts and the environmental conditions during the year (Table 5) , while fecundity per plant was more affected by population density (Figure 4) .
Considering that the maximum annual emergence observed in the development conditions of the present study was less than 2,500 individuals m -2 , and that the average seed yield was 14,000 seeds m -2 , one might infer that, although the carrying capacity of the system can be easily reached in a delimited space (plot), E. davidii would be able to colonize new niches and, consequently, to exploit the system's available resources.
As noted in both periods, regardless of the cohort or the initial number of seedlings, the total number of individuals that actually managed to bear fruit and produce viable seeds was always lower than 300 plants m -2 . Therefore, a small number of uncontrolled individuals (escapes from chemical treatments) of successive cohorts may be sufficient to produce a large number of seeds. This may generate a trend towards the accumulation of a greater number of E. davidii propagules in the soil seed bank and, consequently, an increase in emergence densities in the following years.
The role of the third cohort of E. davidii in the agroecosystems of the central area of Buenos Aires Province should be highlighted, as it showed great flexibility in terms of emergence time and an ability to adapt to environmental variability in comparison with the first and second 
cohorts. In addition, in production lots, this cohort, possibly due to its density and emergence period, is not controlled, as it may be below the economic threshold. This fact would represent an opportunity for replenishment of the seed bank and, thus, increased levels of infestation.
According to studies carried out by Juan et al. (2003) , an infestation rate of 100 E. davidii plants m -2 would lead to a 30% reduction in soybean yield, manifesting itself through a decrease in the number of pods per plant, and to a lesser extent, the weight of 1,000 seeds. Juan and Saint-André (1995) showed that a density of 60 plants m -2 may produce a significant competitive effect with soybean crops, and that would affect the amount of trifoliate leaves, leaf area and dry weight of the plant.
On the basis of the information obtained from previous studies, there are several issues that should be considered. First, E. davidii infestation levels have significantly increased, since surveys carried out during the summer months in October 2000 considered <100 plants m -2 to be a common density level for this weed, while in 2011/12, the maximum emergence was about 700 plants m -2 and, in 2013/14, density levels were higher than 2,000 plants m -2 . According to Juan et al. (2002) , for the density levels previously observed (<100 plants m -2 ), control rates of 75% were acceptable, since the remaining uncontrolled plants did not cause reductions in production levels in comparison with free-weed control plots. Currently, however, due to a significant increase in the initial densities, control techniques (including efficiencies > 95%) may prove to be insufficient, as the remnants of uncontrolled plants exceed the economic damage thresholds, requiring more than one application of herbicide or the implementation of other complementary and alternative management techniques.
On the other hand, a greater number of individuals, combined with the need for more herbicide applications, could significantly increase the risk of developing resistance, especially if most post-emergence chemical controls in RR crops of the central area of Buenos Aires Province use glyphosate as the main herbicide.
Chemical control is the world's most frequently used weed control strategy (Christoffoleti, 2004) , and glyphosate is currently the most commonly used herbicide in RR soybean and maize crops. In the case of E. davidii control using glyphosate, it is well known that the most sensitive phase occurs between the 2-4 leaves stage and the beginning of branching; in addition, the beginning of flowering is a crucial point, as control doses increase substantially and field controls become more erratic (Juan et al., 2011) .
Considering the established thermal time scale, the best moment for field control ranges from 200 to 500 o C, which includes the phenological states of 2-4 leaves and branching.
Based on the information presented in this paper, the thermal time accumulation of 500 o C could be considered the limit for an acceptable control. Such value is expected to occur in the eighth week after emergence for the first cohort, in the sixth week for the second cohort, and between the fourth and sixth week for the third cohort. It should be noted that, in calendar days, the late cohorts will have a narrower window for an effective herbicide application, because when temperatures increase, thermal accumulation and, consequently, phenological states occur early.
Taking into account that the control threshold was set at 500 o C under field conditions, herbicide treatments should be applied near that limit, calculated from the emergence of the first cohort. Thus, the second cohort would also have emerged and would use the density-dependent mortality phenomena that could naturally reduce the number of individuals (Tables 3 and 4) . According to the findings of this study, if this type of treatment is applied using post-emergent herbicides, which correspond to the eighth week from the emergence of the first cohort; the third cohort would had not emerged yet, thus it will require further treatments or other additionals control techniques to prevent individuals from providing seeds to the seed bank and increasing problems related to weed control in future years.
It is expected that the present findings would contribute as a valuable basis for improving decision-making processes and control interventions within the scope of integrated weed management programs.
